Advanced microstructure investigations of the high-burnup structure (HBS) in UO 2 produced by high-dose 84 MeV Xe ion irradiation are reported. Spark plasma sintered micro-grained UO 2 was irradiated to 1357 dpa at 350
At the location where fission reactions take place, nuclear fuels experience extreme conditions, and in certain cases fuels can turn into unconventional structure at specific threshold burnup [1] . In the case of UO 2 , the formed structure is termed high-burnup structure (HBS), and features nanocrystalline grains and micro-pores [2] [3] [4] . The formation of the HBS dramatically alters fuel microstructure, leading to a series of changes in fuel properties, including recovered thermal conductivity and enhanced radiation tolerance [5] . In order to precisely predict the fuel performance of UO 2 with extended burnup, as well as to develop novel high-performance nanocrystalline UO 2 fuels inspired by the HBS [6, 7] , it is crucial to establish a comprehensive understanding of the HBS's specific properties and formation/evolution mechanisms. As a result, the characterization of the HBS of UO 2 has been a strong focus of the nuclear fuel community [6] [7] [8] [9] [10] [11] . Recently, a HBS model has been implemented into MARMOT [12, 13] , an advanced fuel performance code developed by Idaho National Laboratory (INL) [14] . The formation mechanisms for the microstructure of the UO 2 HBS will be required to help develop and validate related models in MARMOT. Of specific interest is whether the grain subdivision of the HBS (which leads to dissimilar kinetics of HBS evolution) originates from grain polygonization [8, 10] or from recrystallization [15, 16] , which has been an ongoing debate for decades. Grain polygonization features low-angle grain boundaries (LAGBs) forming through heterogeneous accumulation of radiation-induced dislocations, whereas recrystallized nano-grains nucleate with high-angle grain boundaries (HAGBs) to reduce strain energy induced by radiation-induced defects. Moreover, the effects of key factors which might impact the HBS formation (e.g. radiation damage, accumulation of fission products, and temperature gradient) are still not clear. However, due to the extremely high radioactivity associated with in-pile irradiated fuels taken to high burnups, the post-irradiation examinations (PIEs) of the HBS is costly and technically challenging, limiting further studies on the HBS. Instead, high-energy ion irradiation with energies over 1 MeV per nucleon is capable of replicating the effects of the energetic fission fragments, which cause the majority of radiation damage and extrinsic elements deposition in nuclear fuels [17] [18] [19] [20] [21] [22] [23] . The long ranges of those highenergy ions also induce microstructural modifications at depths on the order of microns, eliminating the surface effects that may interfere with the characterization of radiation effects [24] . Meanwhile, in recent decades, numerous advanced material characterization techniques, such as transmission electron microscopy (TEM)-based orientation imaging microscopy (OIM) [25] [26] [27] [28] , have been developed to facilitate materials research, which can also benefit the nuclear https://doi.org/10.1016/j.scriptamat.2018.04.006 1359-6462/© 2018 Published by Elsevier Ltd. fuel community by providing further detailed microstructure information of irradiated fuel materials that was impossible to collect in the past. In this study, both high-energy ion irradiation and advanced TEM techniques were utilized to explore the microstructure of the HBS in UO 2 .
The UO 2 sample investigated in this study was fabricated by spark plasma sintering (SPS) of UO 2 nanopowder at 1300
• C [6] . The grain size and density of the sintered sample was 3.9±1.2 lm and 97.5%, respectively. Though the grain size is smaller than that of typical commercial UO 2 fuels [29] [30] [31] [32] , the difference is smaller than one order of magnitude and is not expected to lead to any qualitative difference in the mechanism of HBS formation. The stoichiometry of the UO 2 sample was UO 2.070±0.003 according to the lattice parameter measured by X-ray diffraction (XRD) [33] . The UO 2 sample was cut into a 1 mm thick slice using a diamond saw before further mechanical polishing down to a 0.5 lm final finish using sandpapers and diamond films. The high energy ion irradiation was performed at a material ion irradiation chamber at the Argonne Tandem Linac Accelerator System (ATLAS) [20] . The polished sample was mounted on an ion irradiation sample stage using PELCO high performance silver paste. An 84 MeV Xe ion beam was used to irradiate the UO 2 sample at 350 • C, which falls into the common operating temperature range of the fuel surface region (where HBS forms). Assuming a Gaussian beam profile, the measured 2.5 mm Gaussian parameter (s) corresponds to a 7.22 × 10 17 ions/cm 2 ion fluence at the center of the beam's footprint. Two K-type thermocouples were set up near the UO 2 sample to monitor and control the irradiation temperature. The sample irradiation temperature was maintained by a HeatWaveLabs cartridge heater controlled by a proportional integral derivative (PID) controller [22] . According to the SRIM simulation following Stoller et al.'s procedures [34] , peak radiation dose at the beam center was 1357 dpa, which corresponds to ∼5.35% FIMA (fission per initial metal atom) or ∼51.5 GWd/tU according to the SRIM calculated value of dpa per fission using typical fission product ions with 100 MeV kinetic energy. This dose was expected to be sufficient to initiate HBS formation at that temperature.
After irradiation, an approximately 50 nm thick transmission electron microscopy (TEM) lamella was prepared from the center of the beam footprint on the sample usingan FEI Strata 400 focused ion beam (FIB) system. The TEM lamella was investigated by an FEI Tecnai TF30-FEG STwin STEM working at 300 kV. Aside from conventional (S)TEM imaging techniques, such as diffraction contrast imaging and STEM high-angle annular dark field (HAADF) Z-contrast imaging, TEM based OIM was performed using the NanoMEGAS ASTAR system to determine the nature of the HBS induced by ion irradiation. The OIM results were analyzed by EDAX OIM Analysis software.
Due to the extremely high dose used in the heavy ion irradiation, surface sputtering appeared prominent. The surface roughness was increased to approximately 1.5 lm due to the preferential surface sputtering, probably related to grain structure (Fig. 1) . Fortunately, surface roughness increased by radiation sputtering does not impact the present analysis because the main region of interest, where irradiation damage peaks, is relatively far away from the sample surface. Overlaid with SRIM-calculated radiation dose and Xe concentration profiles, three zones can be recognized in the SEM and STEM HAADF images ( Fig. 1 (a) and (b) ). The first zone is the nonirradiation zone beyond the Xe ion range (approximately 8 lm to the surface). The microstructure in this zone is similar to that in as-fabricated UO 2 samples, featuring prominent submicron pores formed during sintering. From the surface to approximately 3 lm depth is the Xe-free zone, where almost no Xe atoms are deposited and radiation dose is relatively low. In this zone, the pre-existing submicron pores disappeared, which is attributed to the radiation densification phenomenon [35] . Between the two aforementioned zones is the Xe deposition zone, with micro-pores distinguishable in the low-magnification images (marked by red dashed circles in Fig. 1(a) ).
Bright field (BF) diffraction contrast TEM images provide more details in grain structure, as shown in Fig. 2 . In both the non-irradiation zone and the Xe-free zone, the grain sizes were on the order of microns, the same as the value of the as-fabricated sample (see Fig. 2 (b) , (c), (f), and (g) for a typical grain in each of those two zones and its UO 2 diffraction pattern). However, in the Xe deposition zone near the boundary with the Xe-free zone, an approximately 2 lm thick subzone containing nanocrystalline grain structure was observed (Fig. 2  (d) ). The diffraction pattern of this subzone (Fig. 2 (e) ) indicates that those nano-grains are still pure UO 2 . Along with the micro-pores found in the same subzone, both characteristic features of HBS in in-pile irradiated fuels were replicated in the UO 2 sample after high-energy ion irradiation. Hence, this 2 lm subzone is regarded as the HBS subzone.
Before looking into the nanocrystalline structure of the HBS subzone for more details, it is worthwhile to explore the morphology of Fig. 2 . Formation of the nano-grains and micro-pores in the HBS subzone: (a) a TEM bright field image of the TEM lamella (the yellow frame indicates the area of interest analyzed in Fig. 4 ; (b) the non-irradiation zone featuring UO 2 micro-grains and submicron pores as preexistent in as-fabricated UO 2 specimen; (c) the {110} selected area diffraction pattern of a typical UO 2 grain in the non-irradiation zone; (d) the HBS subzone featuring UO 2 nano-grains and micro-pores; (e) the selected area diffraction pattern of the HBS zone showing diffraction rings of nanocrystalline UO 2 with texture; (f) the Xe-free zone featuring UO 2 micro-grains free of submicron pores due to radiation-induced densification; (g) the {001} selected area diffraction pattern of a typical UO 2 grain in the Xe-free zone.
Xe bubbles. In the HBS subzone, as the micro-pores form, the majority of the Xe gas diffused into those pores, leaving few Xe bubbles within the nano-grains. By comparison, in the remainder of the Xe deposition zone where the Xe deposition amount was more excessive (see Fig. 3 (a) ), the original micro-grains remained. In this case, large bubbles formed on the grain boundaries, some of which were already interconnected to form gas release channels. In addition to those intergranular bubbles, large faceting intragranular bubbles were also observed in both STEM HAADF (Fig. 3 (b) ) and 2 lm underfocused TEM BF (Fig. 3 (b) ) images. The faceting morphology can be related to the Wulff shape of UO 2 , which is a {111} octahedron truncated by {100} planes for both voids [36, 37] and gas bubbles [38] . The underfocused TEM BF image also revealed the existence of small spherical intragranular bubbles. Therefore, intragranular bubbles formed in Xe-implanted UO 2 have a bimodal size distribution. Further bubble size statistics (Fig. 3 (d) and (e)) indicate that the large faceting bubbles and small spherical bubbles have average sizes of 16.4±0.4 nm and 2.42±0.03 nm, respectively. Assuming the TEM lamella is 50 nm in thickness, the number densities of large and small intragranular bubbles are 1.32 × 10 22 m −3 and 9.12 × 10 23 m −3 , which differ by almost two orders of magnitude.
The ASTAR system automates the scanning of the STEM electron nanoprobe to collect an electron diffraction pattern map with nanometer resolution. The electron diffraction pattern of each scanning point is used to interpret its crystallographic orientation, so that the orientations of the scanned area can be mapped. This technique is ideal to determine the grain size and grain boundary characteristics of nanocrystalline grain structures, such as the HBS producedby ion irradiation in this present study. A 4.2 lm × 2.2 lm area containing the HBS subzone was selected to be characterized by the ASTAR system using a scanning step size of 5 nm, as shown in Fig. 4 (b) . The crystallographic orientation map of this area is illustrated based on the {100} inverse pole figure (IPF) style coloring in Fig. 4 (a) . It is clear that micro-grains dominate the Xe-free zone. The grain size then decreases as depth increases and eventually becomes nanocrystalline grain structure with micro-pores in the HBS subzone. Beyond the HBS subzone and towards the rest of the Xe deposition zone, the grain size increases back to several microns. Within the HBS zone, domains with similar crystallographic orientations can be recognized, which is consistent with the textured diffraction pattern collected in this subzone (Fig. 2 (e) ). Those domains typically have a size of several microns, which is consistent with the original grain size. A typical domain is marked by a red curve in Fig. 4 (a) . The nanograins in this domain are shown in various shades of blue in the {100} IPF style coloring, implying their {100} crystallographic axes point at a similar direction near the {111} direction of the TEM lamella's coordinate system. Within the HBS subzone, this domain contains 81 nano-grains with the grain size distribution shown in Fig. 4 (c) . The average grain size is 167 nm with the vast majority of grains between 100 nm and 300 nm in size. The crystallographic orientation analysis of those nano-grains also indicates that the LAGBs dominate this domain (Fig. 4 (d) ).
Matzke et al. reported an indirect observation of the grain polygonization in Xe ion irradiated single crystal UO 2 based on a complex analysis of Rutherford backscattering (RBS) data [8] . Matzke and Wang also observed that subgrains of several nm in size form in UO 2 due to the accumulation of radiation-induced edge dislocations in an in situ TEM ion irradiation experiment, which was thought to be the precursor of HBS [9, 10] . Despite that, the low ion energy used in those studies may induce the influence of surface effects, those pioneering explorations in using ion irradiation to study the HBS in UO 2 are enlightening. In this study, both characteristic features of the UO 2 HBS formed in reactors, nanocrystalline structure along with micro-pores, were replicated by high-dose and highenergy Xe ion irradiation, and for the first time, the subdivision of micro-sized grains into nanocrystalline structure, which is considered to be the initial state of UO 2 HBS, was directly observed in an ion irradiated UO 2 sample. More importantly, the existence of those domains with respective similar crystallographic orientation supports that the formation mechanism of nanocrystalline structure in the HBS region in UO 2 is grain polygonization rather than recrystallization, confirming Matzke et al.'s theory [10] . Thus, the HBS formation essentially originates from radiation-induced dislocations. Once those dislocations accumulate locally to form dislocation arrays, the original micro-grains are subdivided by LAGBs or subgrain boundaries. Meanwhile, the excessive dislocations and LAGBs may enhance the diffusion of both vacancies and Xe atoms to facilitate the formation of micro-pores. Although further experimental evidences, especially the intermediate evolution process of the HBS formation, are required to completely exclude the recrystallization mechanism, this finding helps clarify the mechanism of HBS formation in UO 2 and therefore helps guide the future development of advanced fuel performance models. By contrast, in the rest of the Xe deposition zone with excessive Xe concentration, HBS was not formed even where the radiation damage was at the similar or even higher level. That may be explained by the fact that dense Xe bubbles compete with dislocations as defect sinks, suppressing the evolution of dislocation arrays. Hence, the formation of the HBS in UO 2 requires both high radiation dose and appropriate Xe concentration. As the peak Xe deposition concentration is much higher than that in a 5% FIMA burnup UO 2 fuel in light water reactors (LWRs), the bubble morphology cannot be directly compared with those in actual inpile irradiated fuels. However, with precisely-controlled irradiation conditions, this morphology data is useful for fuel performance code validation. Moreover, this study provides a feasible method to produce UO 2 HBS with minimal radiation hazard, which can be applied to further investigations of HBS, such as grain growth kinetics and thermo-physical/mechanical properties.
In this study, the detailed microstructure of the HBS in UO 2 was investigated by a combination of high-energy Xe ion irradiation and advanced TEM characterization techniques. The formation mechanism of the HBS was confirmed to be grain polygonization driven by radiation-induced dislocations associated with pipe and grain boundary diffusion of Xe and vacancies. Furthermore, bubble morphology under the ultra-high implanted Xe concentration condition was quantitatively analyzed. Both findings significantly expand the understanding of microstructure evolution in high-burnup UO 2 and thus provide unique experimental references to advance the development of advanced UO 2 fuel performance and microstructure evolution codes.
This work was funded by the Fuel Product Line (FPL) in U.S. Department of Energy (DOE)'s Nuclear Energy Advanced Modeling and Simulation (NEAMS) program and the U.S. DOE, Nuclear Energy University Program (NEUP) DE-NE0008564. The authors would also like to acknowledge the help of Matthew Hendricks on the ATLAS irradiation. This research used resources of Argonne National Laboratory's ATLAS facility, which is a DOE Office of Science User Facility.
